Regulation of the uptake of silicon (Si) varies among plant species; some species may passively transport Si, through transpiration, from soils to shoots, while others actively transport silica and deposit it in leaf tissues at high concentrations. Cucumber (Cucumis sativus L.) accumulates moderate amounts of silica in leaves, but the relative importance of passive and active processes pertaining to silica accumulation is poorly understood. In a factorial experiment with cucumber seedlings, we manipulated transpiration rates by changing humidity and air movements around pot-grown plants receiving a daily supply of solutions containing 0, 1, 1.5, and 2 mmol Si·L -1 . Higher transpiration rates resulted in significantly greater Si per unit leaf mass after 4 days, suggesting that passive processes affect the rate of silica accumulation. Actual silica accumulation during the 4-day period was significantly higher than the expected accumulation attributable to passive transport alone in 1 and 1.5 mmol Si·L -1 treatments, while passive processes alone could account for the actual silica accumulation at 2 mmol Si·L -1 . We conclude that the relative importance of active and passive processes in silica deposition in cucumber leaves depends on transpiration rates and the balance between soil Si availability and plants' demands for Si.
Introduction
Silicon (Si) is a beneficial element for many higher plants, including important agricultural crops such as rice, maize, and cucumber (Takahashi et al. 1990; Epstein 1999; Ma and Takahashi 2002; Hodson et al. 2005; Currie and Perry 2007; Ma and Yamaji 2008) . Adequate Si availability in the soil benefits Si-accumulating species in many ways such as increasing resistance to herbivores and fungal diseases (e.g., Takahashi 1983a, 1983b; Liang et al. 2005b; Fauteux et al. 2005; Kvedaras and Keeping 2007; Dallagnol et al. 2009 ), ameliorating of heavy metal toxicity (e.g., Barcelo et al. 1993; Iwasaki and Matsumura 1999) , or enhancing drought tolerance and growth (e.g., Agarie et al. 1992; Ma and Takahashi 2002; Hattori et al. 2007 Hattori et al. , 2008 . The biomechanical support afforded by silica Takahashi 2002, Schoelynck et al. 2010) may also affect cellulose and lignin contents (Schaller et al. 2012) .
Silicic acid (Si(OH) 4 ) dissolved in the soil solution may enter the xylem water stream and is transported to various tissues where it is deposited as opal phytoliths, i.e., silica (SiO 2 ) in a matrix containing water molecules and trace amounts of other minerals (Ma et al. 2001; Epstein 1999) . In the absence of energy-dependent regulation of Si uptake in roots, dissolved silicic acid should be simply carried along the transpiration stream of water, and silica accumulation rates should match what is expected from the transpiration rates (Ma and Takahashi 2002) . Hence, if Si accumulation rate is significantly lower than this expected accumulation rate, then plants are considered to conduct "rejective uptake." In contrast, when Si accumulation is significantly higher than the expected rate by passive uptake only, then the plants must be engaged in "active uptake." The importance of active uptake has long been known for rice, a high Si accumulator, as its Si uptake becomes inhibited in the presence of respiration inhibitors (Okuda and Takahashi 1963) . Even so, molecular and physiological characterization of active transporters was accomplished only recently (Ma et al. 2004 Mitani et al. 2008; Yamaji and Ma 2011) . Cucumber (Cucumis sativus L.) and other members in the family Cucurbitaceae uptake and accumulate moderate to high amounts of silica in their aboveground tissues (Hodson et al. 2005) . In comparison with rice and other monocots, physiological regulation of Si accumulation is only beginning to be revealed in Si-accumulating eudicot species such as cucumber and pumpkins (Liang et al. 2005a (Liang et al. , 2006 Mitani et al. 2011) and in species that reject uptake such as tomatoes and beans Yamaji 2006, 2008) .
Moderate accumulation of Si in cucumber was long thought to be largely attributable to passive transport, because Si concentrations in cucumber root symplasm and xylem sap are similar to those of external solutions, unlike rice plants, which actively load Si into the root symplasm and xylem (Mitani and Ma 2005) . However, more recently, the contribution of active transport in cucumber roots is suggested by the negative effects of low temperature and a metabolic inhibitor (2,4-dinitrophenol) on Si concentration in root symplasm (Mitani and Ma 2005) . Liang et al. (2005a) and Liang et al. (2006) demonstrated that Si uptake by roots of several monocot and eudicot species is significantly higher than the amount attributable to passive transport via transpiration, and that the relative role of active transport in Si accumulation is greater when Si concentrations in hydroponic solutions are lower. Notably, these studies did not directly manipulate transpiration rates, and silicon uptake rate was estimated by the decrease of Si from the hydroponic solution per unit root mass. If passive transport is significant relative to active transport, higher transpiration rates should result in greater Si uptake and silica accumulation (Ma and Takahashi 2002) . In tomatoes, which exhibit "rejective uptake" of Si, higher transpiration rates under lower humidity result in a small but significant increase in Si uptake, but high Si uptake by rice is independent of transpiration rates (Ma and Takahashi 2002, table 6.4) . Even so, it remains unknown how transpiration rates affect the passive transport and silica deposition in cucumber, an intermediate Si acccumulator under varying rates of humidity.
The objective of this study was to investigate how transpiration rates and Si availability in a solid soil medium affect the relative importance of passive vs. active Si transport for silica accumulation in cucumber leaves. If the passive transpirationdependent component is strong relative to active transport processes, then higher transpiration rates should result in greater silica accumulation at a given Si supply level. If active Si transport is overwhelmingly strong, then silica accumulation rates should be independent of transpiration rates and Si concentration in the external solution. Alternatively, the relative contributions of active vs. passive Si transport to silica accumulation depend on the interaction between transpiration rates and Si availability. Our main hypothesis was that transpiration rates and soil Si availability interact in the direction of homeostatic Si accumulation. In other words, we predicted that the active component of Si accumulation dominates when soil Si availability is low, whereas the effect of transpiration on silica accumulation is greater when Si availability in the soil is higher. The degree of active transport was assessed by the Si concentration in leaves at the end of the experiment compared with the expectation from the null hypothesis of passive Si uptake with transpirational water uptake. Our experiment differed from the hydroponic experiment by Liang et al. (2006) in that we grew plants in a solid soil medium, directly manipulated both transpiration rates and Si availability, and measured rates of silica deposition in leaves.
Methods

Plant material and growth conditions
A hybrid variety of C. sativus ("Burpless," Burpee, Warminster, Pennsylvania) was selected for the experiment to minimize genetic variation among experimental plants (Mitani and Ma 2005) . We repeated the experiment three times by growing three groups of 32 plants each, which were grown from seeds at staggered dates of 1-week intervals. Seeds were germinated on moist filter paper. After germination, plants were grown in 4 inch diameter plastic pots filled with a mix of washed quartz-rich sand and vermiculite to which slow release fertilizer was added (Osmocote N:P:K, 18:5:13). The pH in this medium ranged from 7.2 to 7.9. A preliminary soil Si availability assay with 4 h water extraction (Khalid et al. 1978) indicated that short-term availability of Si was negligibly low, although Si might be dissolving slowly from the clay mineral structure of the vermiculite. All plants received daily watering with deionized water and were grown for 4 weeks in a greenhouse on the campus of the University of Florida, Gainesville, Florida, USA (29°651=N, 82°325=W), in a 12 h light -12 h dark cycle at a temperature of ca. 29 -32°C. Thus, individuals in the three groups were of the same age (4 weeks old) at the time of experimental treatments and measurements. Herbivorous invertebrates were excluded by growing plants inside a mosquito-netted, PVC-framed cube.
Experimental setup
After 4 weeks, when all plants had at least three true leaves, plants were randomly assigned to two transpiration chambers, high and low, in which humidity and wind speed were ma-nipuated (see below). Each transpiration group consisting of 16 plants, which were randomly assigned to four Si availability treatments of four plants each. The Si treatments consisted of daily supply of 30 mL water containing at 0 (control group), 1, 1.5, and 2 mmol Si·L -1 during the 4-day-long experiment. The concentration of Si was adjusted by diluting viscous potassium silicate with deionized water. Potassium chloride was added to balance the potassium concentration in low and no Si treatments (Chérif et al. 1994) . A preliminary analysis indicated that the low pH of Si solutions used in the experiment would not cause major fluctuation in the pH of the soil medium over the short duration of the study.
Each 4-day experiment took place in the air-conditioned laboratory at a mean daily temperature of 21-22°C. All pots were sealed in plastic bags that were tightly closed around the stem to prevent evaporation from the soil medium. Thus, any water loss was attributed to transpiration through leaves by assuming transpiration from the stem surface to be zero. We manipulated transpiration rates by adjusing the wind speed and relative humidity surrounding the plants. Plants in the high transpiration treatment were placed in a frame covered with mosquito nets that reduced the light levels below to levels similar to those in the low transpiration treatment and received wind generated by four small (ca. 10 cm diameter) batterypowered fans. The fans were powerful enough to move air and reduce the boundary layer resistance to transpiration but not so powerful as to cause excessive leaf fluttering or mechanical damage to the leaves. Plants in the low transpiration treatment received no wind. They were placed above a tray of water on pebbles inside clear plastic chambers so that relative humidity surrounding the plants would be high. Transpirational water loss from each pot was measured using the gravimetric method. The whole pot sealed in the plastic bag was weighed before and after the daily application of the Si solution to determine the change in mass due to transpirational water loss every 24 h, as well as the total transpiration during the 4-day experiment. After the last transpiration measurement, leaves were harvested to determine total leaf area, using a LI-3000 leaf area meter (LICOR, Lincoln, Nebraska, USA), and leaf mass per plant. The dry masses of stem and roots were not determined for individual plants, but leaf mass was assumed to account for 80% of the total plant mass based on other plants of the same age.
Observed and expected leaf silica accumulation
Dried leaves were ground into a fine powder using a coffeebean grinder, and silica concentration per unit leaf mass was determined for each plant following alkaline extraction of biogenic silica with sodium bicarbonate (Conley and Schelske 1993) . In brief, 25 mg of dried and ground leaf sample was placed in 20 mL of 1% sodium carbonate solution in a polycarbonate bottle and left overnight at 85°C in a shaker water bath. This method completely dissolves biogenic silica in higher plants (K. Kitajima 2002, unpublished data) , as well as more recalcitrant silica bodies in diatoms and sponge spicules (Conley and Schelske 1993) . The Si concentration in the extract was determined by the molybdate blue method (Sauer et al. 2006 ) using 1-amino-2-naphthol-4-sulfonic acid (Cat. LC10890, Lab Chem Inc., Pittsburgh, Pennsylvania). The absorbance at 650 nm was measured and compared with the standard curve established with sodium silicate solution. The results were expressed as silica (SiO 2 ) mass per unit leaf dry mass (mg·g -1 ). Control plants receiving 0 mmol Si·L -1 solutions also contained silica due to low background availability from the soil medium containing sand and vermiculite (Fig. 1b) . Thus, the actual amount of silica accumulation during the 4-day experiment attributable to transport of the treatment solution was calculated by subtracting the average tissue silica concentration of control plants from those of the experimental plants.
The expected tissue concentration of silica under the null model of completely passive Si transport was calculated by assuming that Si concentration in xylem sap is equal to the Si concentration in the treatment solution (0, 1, 1.5, or 2 mmol· L -1 ). The total expected amount of silica accumulation (total mass of SiO 2 ) was calculated by multiplying these concentrations by the total amount of water transpired during the experiments and expressing as the mass of SiO 2 . We then assumed that 80% of the total expected silica accumulation should occur in the leaves based on typical biomass allocation patterns of similarly sized plants. Dividing this expected amount by leaf dry mass gives the expected SiO 2 concentration per unit leaf mass (mg·g -1 ) according to the null model of complete passive transport.
Statistical analyses
The effects of transpiration treatments (high and low) and solution Si concentrations (0, 1, 1.5, and 2 mmol·L -1 ) on transpiration rates and leaf silica concentrations were tested with a two-way analysis of variance (ANOVA), treating the three repetitions as experimental blocks. Because block effects were not significant in any dependent variables (Table 1) , post hoc tests for significant effects were conducted for data pooled across the three repeat experiments. The actual silica accumulation during the experiment (ϭ observed concentrationmean concentration for the control plants) was compared with the expected silica accumulation under complete passive transport by taking the ratio of the two. This ratio should be one if the actual silica accumulation was completely attributable to transpiration (ϭ null model). Thus, for each treatment combination, the ratio of actual accumulation to expected accumulation was compared with the null model ratio of one. JMP version 8.0.2 (SAS, Raleigh, North Carolina, USA) was used for all statistical tests.
Results
Transpiration and tissue silica content
The plants receiving high transpiration treatment indeed experienced significantly higher transpiration rates per unit leaf area, whereas transpiration rates did not differ among Si treatments or the three experimental repeats ( Fig. 1; Table 1 ). After 4 days, silica content per unit leaf mass was significantly higher in plants that received solutions of 1-2 mmol Si·L -1 compared with the control plants that received 0 mmol Si·L -1 (Fig. 1) . The high transpiration treatment resulted in greater silica per unit mass in plants receiving 1 and 2 mmol Si·L -1 solutions (P ϭ 0.005 and P Ͻ 0.001, respectively, for t test), near significant for plants receiving the 1.5 mmol Si·L -1 solution (P ϭ 0.11), but not for those receiving the control (0 mmol Si·L -1 ) solution (P ϭ 0.34). Hence, there was a significant interaction between transpiration treatment and Si treatment (Table 1) . Within each transpiration group, there was a significant difference between the control group and the three experimental groups (P Ͻ 0.05, Tukey's post hoc test), but not among the three experimental groups (P Ͼ 0.05). The amount of silica accumulation, calculated for each experimental plant as the difference between final leaf silica concentration (Fig. 1b) and the mean for control plants receiving the 0 mmol Si·L -1 solution (ϭ 5.61 mg·g -1 ), was affected significantly by the transpiration treatment (Table 1) . However, treatment Si concentration did not have a significant effect on silica accumulation, suggesting that the active Si uptake process was compensating for differences in Si availability.
Actual silica accumulation compared with expected passive silica accumulation
The expected passive silica accumulation per unit leaf mass under the null model was much higher for the high transpiration treatment group than for the low transpiration treatment group (Fig. 2a) and increased with treatment Si concentration (Table 1). The ratio of the actual silica accumulation to the expected silica accumulation was affected significantly by Si solution concentration but not by transpiration treatment (Fig. 2b) . Plants receiving the 1 mmol Si·L -1 solution exhibited ca. three times higher silica accumulation than the expected passive silica accumulation (Fig. 2b) , suggesting that active Si uptake was compensating for the lower Si availability in the soil solution. Those plants receiving the 1.5 mmol Si·L -1 solution also exhibited significantly higher leaf silica accumulation compared with the expected passive silica accumulation, but to a lesser degree than the plants receiving the 1 mmol Si·L -1 treatment (Fig. 2b) . In contrast, actual silica accumulation in plants receiving 2 mmol Si·L -1 showed no significant difference from the expected value, and thus passive transport alone could explain the silica accumulation during the 4-day experiment.
Discussion
Among eudicot species, silica accumulation by cucumber is best known, but there is no clear consensus on whether passive transport alone can account for silica accumulation (Mitani Table 1 . ANOVA results for the effects of transpiration treatment (high vs. low), Si concentration in treatment solutions (0, 1, 1.5, 2 mmol Si·L -1 ), interaction between transpiration and Si treatments, and block (three repeat experiments) on total transpiration of water in 4 days (log-transformed for homogeneity of residuals), leaf SiO 2 concentration per unit leaf mass at the end of the experiment, SiO 2 accumulation from uptake of added Si (ϭ SiO 2 concentration minus the mean SiO 2 concentration for the control group that received the 0 mmol Si·L -1 solution), and ratio of the actual to expected accumulation. and Ma 2005) or active transport processes are significant (Liang et al. 2005a ). We found evidence for both, but their relative importance varied among transpiration and Si availability treatments, similarly to the results reported by Liang et al. (2006) for wax gourd (Benincase hispida). Passive transport was indicated by the positive effect of transpiration at a given Si availability (Fig. 1b) , and passive transport alone could account for silica accumulation at high Si availability of 2 mmol·L -1 (Fig. 2b) . Active transport was indicated by the much higher silica accumulation than the expected passive accumulation at lower Si availability (Fig. 2b) . These results support our main hypothesis that transpiration rates and soil Si availability interact in the direction of homeostatic Si accumulation.
We found that active transport was important when soil Si availability was low, but passive transport alone accounted for silica accumulation when Si availability was high. These results differ from those of Liang et al. (2005a) , who found systematically higher Si uptake than the uptake expected by passive processes alone in cucumber, independent of hydroponic solution concentrations (ranging from 0.085 to 1.7 mmol·L -1 ). On the other hand, our result was similar to Liang et al. (2006) , which found that passive silica accumulation plays a greater role under low Si availability (0.085 mmol·L -1 ) in hydroponic solutions for both wax gourd (Cucurbitaceae) and sunflower (Asteraceae). The difference between Liang et al. (2005a) and Liang et al. (2006) may suggest that active transport plays a greater role in cucumber than in wax gourd. Further, methodological differences should be noted. For example, we grew plants in a solid soil medium and measured the amount of silica accumulating in leaves, whereas Liang et al. (2005a) and Liang et al. (2006) measured the changes of the quantity and Si concentration in hydroponic solutions. Most importantly, Liang et al. (2005a) did not manipulate transpiration rates, which can affect the degree of passive Si transport. The interactive effects of transpiration rates and Si availability on active Si uptake deserve further investigation. An ideal experiment for such investigation may best be conducted with a flow-through system in which solution Si concentration is kept constant, because a decrease of Si concentrations in the solution between solution changes may have affected the results in both Liang et al. (2005a) and the current study.
Silica deposited in the epidermis adds hardness, and silicarich tissues are expected to be rigid and self-supporting and to deter various herbivores (general discussion by Lucas et al. 2000 ; for leaf blades of rice, see Ma and Takahashi 2002) . Indeed, high degrees of silica deposition may substitute cellulose contents per unit ash-free mass (Schaller et al. 2012) . It is conceivable that silica deposition may increase in response to wind as part of the thigmotropic response to enhance biomechanical strength for self-support (Pruyn et al. 2000) . However, it is unlikely that the wind disturbance in our treatment had inducible effects on active Si uptake.
Our results suggest that homeostatic regulations are involved in regulating leaf tissue Si contents, as leaf tissue silica concentration within each transpiration treatment group did not differ significantly across Si solution concentrations of 1 to 2 mmol·L -1 (Fig. 1b) . Such homeostatic control may contribute to maintenance of optimal leaf morphology for tolerance of drought and temperature stresses (Agarie et al. 1992; Gao et al. 2006; Hattori et al. 2007 Hattori et al. , 2008 and resistance against herbivory (McNaughton and Tarrants 1983; McNaughton et al. 1985) . In cucumber leaves, silica deposition concentrates around stiff epidermal trichomes, which should enhance antiherbivore defense (Chérif et al. 1992; Piperno 2006) . Induction of silica deposition by mechanical stresses and damage is known only for grasses in response to mechanical damages and herbivore feeding (Massey et al. 2007) . If mechanical stress due to high wind were to induce silica deposition, high wind treatment should increase silica accumulation attributable to the active transport. However, the results were not in support of this possibility (Fig. 2b) . Perhaps, evolutionary advantages select for homeostatic regulation of Si uptake and deposition in which active uptake compensates for temporal and spatial heterogeneity of Si availability from the soil. If so, the relative importance of active vs. passive processes of Si transport depend on environmental conditions including soil Si availability, transpiration rates, and species-specific Si demands. Classifying plant species to the three Si uptake categories (active, passive, rejective) provides a convenient rule of thumb (Ma et al. 2001) . However, it is more likely that the relative importance of active to passive uptake varies continuously across plant species for evolutionary reasons (Ma and Takahashi 2002; Hodson et al. 2005) . Furthermore, our results point to the importance of plasticity in physiological regulations of Si uptake in the direction of maintaining homeostatic silica accumulation. Ecological and evolutionary significance of silica accumulation in eudicot plants is only beginning to be appreciated (Cooke and Leishman 2010) , even though many eudicotyledonous species are known to contain significant amount of phytoliths (Piperno 2006) . Research with cucumber as a model species has a high potential to contribute to greater evolutionary and ecophysiological understanding of the regulation of silica accumulation in eudicots.
